Breathing Walls are envelope components, based on porous materials, crossed by a natural or forced airflow. Since they behave both as recovery heat exchangers and active insulation, reducing the conductive heat flux, they represent a promising envelope technology, allowing to reduce energy consumption in buildings.
Introduction
In buildings with conventional envelopes, ventilation is either due to the operation of the windows or to the mechanical system. Airflows through the opaque constructions are basically uncontrolled and referred to as infiltrations. Conversely, in air permeable envelopes, porous materials such as pervious concrete, mineral wool or cellulose are used to compose the so called Breathing Walls and Roofs (also known as Dynamic Insulation). The overall stratigraphy usually consists of an external cladding, a ventilated air gap, a multi-layer porous core, a second air gap and an internal wearing surface [1] . If a small pressure difference is established either naturally or mechanically through the breathing Heat flux and air mass flow can either happen in opposite directions (contra-flux operation) or in the same (pro-flux operation). Most studies and applications focus on the contra-flux operation, that in heating dominated conditions allows to reduce the heat losses [2] . In such a configuration, the wall can also operate as an air filter towards outdoor particulate [3] . Moreover some authors [4] also pointed out the advantages of the pro-flux operation, that in warm climates, coupled with night free cooling, allows to enhance heat dissipation from the building. An original use of the Breathing Wall technology is proposed by [5] in a test building in Japan, where a part of the envelope is used in contra-flux, providing pre-heated fresh air to an indoor space, and another part is used in pro-flux, recovering heat from the exhaust air and storing it into the wall. Intake and ex- haust of air through the two parts of the breathing envelope is periodically alternated. The Breathing Wall technology is thus generally integrated with the HVAC system. In [6] the ventilation requirements are supplied partially through the air permeable envelope and partially through a heat recovery unit, while in [2] the airflow is pre-heated through the breathing roof and then passes through a heat recovery system. It is recognized that the cold airflow across the Breathing Wall can significantly reduce the inner surface temperature, affecting indoor thermal comfort [7] . In order to overcome this problem, some authors [8] recently proposed a new approach, that consists in integrating into the Breathing Wall a capillary water pipes heat exchanger to control inner surface temperature.
From the theoretical point of view, in literature it is possible to find the analytical solution of the steadyperiodic problem for a permeable one-layered wall, along with the investigation of the corresponding temperature and heat flux profiles [9] . The solution by Krarti [9] is expressed in terms of non-dimensional numbers, namely Péclet number for the airflow and Biot numbers at the inner and outer wall surface. Subsequent studies addressed the steady state problem for multilayer walls, considering firstly imposed surface temperatures [1] , involving then surface thermal resistances [10] and introducing the so-called dynamic U-value as a performance parameter for Breathing Walls, to be directly compared with the static U-value for conventional walls. When including convection boundary conditions at the wall surfaces, Taylor et al. [10] implicitly assumed that the convection boundary layer is not influenced by the air flow crossing the wall. This assumption has been recently criticized by Craig and Grinham [8] , who showed by schlieren imaging and heat flux measurements that a mixed convection boundary layer develops at the Breathing Wall surfaces. Consequently, they found that at the interior surface for increasing air flow velocity a saddle point can be identified, where the convective heat coefficient reaches a minimum. This implies that the surface temperature drop predicted by Taylor and Imbabi might have been underestimated. As far as theoretical models are concerned, recently Ascione et al. [4] developed a finite difference numerical model for a porous wall in transient regime and used the steady state analytical model by Taylor and Imbabi [1] to validate it.
Experimental studies on Breathing Walls in literature are usually devoted to demonstrating the performance of the technology when implemented in real scale buildings and integrated with the HVAC system [5, 11, 12] . Conversely experimental evidences of the validity of the steady state analytical model are rare in literature and refer more to the its consequences than to the model itself. Among them, Taylor and Imbabi [10] used a laboratory apparatus to study the performance of a sample wall made up of mineral wool. The apparatus consisted in a hot box chamber, thermostatically controlled and incorporating the Breathing Wall sample, preceded by an air plenum. Air, whose temperature varied with the laboratory conditions, was pumped into the plenum and forced across the porous wall. The model predictions were verified by checking the dependency of the temperature difference between the wall surfaces and the adjacent air on the airflow rate. Yet the exponential temperature profile into the wall predicted by the model was not reported. Di Giuseppe et al. [13] evaluated the thermal performance of a small prototype of a cellulose based Breathing Wall using a Hot Box test facility, measuring surface temperatures and heat fluxes. Consequently, they focused their attention on the dynamic thermal conductance of the wall as a function of the airflow velocity and did not measure any temperature profile inside the sample. Dimoudi et al. [14] ex-perimentally investigated, by means of an outdoor test cell facility, the thermal behaviour of a wall component incorporating a Dynamic Insulation technical solution under real weather conditions in Greece. They found a qualitative agreement with the predictions of the analytical model, such as the reduction of the inside surface temperature at increasing airflow rate in contra-flux configuration. Again, they could not verify the temperature profile inside the stratigraphy, since the temperature probes were positioned only at the interfaces between adjacent layers and, moreover, dynamic boundary conditions were applied.
Therefore, to the best of the authors' knowledge, a direct experimental verification of the validity of the steady state analytical model is still lacking. Such a verification can only be obtained by means of a laboratory apparatus allowing to establish steady state boundary conditions on both sides of the porous component. To this purpose a novel laboratory apparatus named Dual Air Vented Thermal Box (DAVTB) was developed by the authors, consisting in a sample wall inserted between a hot and a cold box and an air loop providing the flow rate across it. In the first part of this paper the apparatus and its characteristics are presented. Then the experimental investigation on the steady state behavior of a pervious concrete Breathing Wall at variable airflow rates is reported. A direct verification of the analytical model by Taylor and Imbabi is provided by measuring the temperature profile inside the wall at different positions. From the comparison between theoretical predictions and experimental results the proposal for adjusted boundary conditions for the model is finally derived.
Mathematical model
According to the physical approach proposed in all previous works related to the air permeable walls energy behaviour [1, 10] , the porous medium is considered isotropic. Moreover, the hypothesis of local thermal equilibrium is introduced. Therefore, quantities are averaged over an elemental volume of the domain, and the resulting energy equation, which takes into account both conduction and advection, becomes [9, 15] :
where T is the temperature distribution, u f is the fluid velocity field across the wall (i.e. Darcy velocity), ρ, c and λ are the density, the specific heat (at constant pressure when related to a gas) and the thermal conductivity respectively, referred to the overall porous material (w subscript) or the air only ( f subscript). In one dimension and steady state conditions Eq. 1 reduces to [1] :
The original model in [1] was presented for a threelayers permeable wall with given surface temperatures (Dirichlet boundary conditions). However, for the purpose of this study, the case of a single layer is considered, assuming:
Therefore, defining the model characteristic parameter A as:
the analytical solution becomes:
where the x axis is directed from outdoor to indoor, leading to positive air velocity when the air flows from outside to inside (contra-flux). As discussed in the Introduction, the effective convective conditions that develop at the Breathing Wall surfaces have been recently investigated by some authors [8] , leading to discuss the convective boundary conditions adopted by Taylor and Imbabi [10] . Therefore in this paper the authors chose to focus on the experimental verification of the temperature profile inside the permeable wall, that is the core of the literature analytical model and is independent from the convective heat transfer at the surfaces. Then in this work, the theoretical temperature profile in Eq. 5 is compared to the experimental one referring to a Breathing Wall sample tested in the novel laboratory setup discussed in the following section.
Experimental setup
A laboratory setup has been developed in the Building Physics Laboratory of the Energy Department of Politecnico di Milano. It allows to perform experimental analyses on building envelope technologies, both permeable (i.e. Dynamic Insulation) and non-permeable to airflow. A first description of the apparatus was provided in [16] , although the control algorithm was at a very preliminary stage.
The objective was to design a relatively small apparatus able to reproduce user-defined operative temperature boundary conditions, both in steady and unsteady state, and, if needed, to force an airflow through permeable components. Due to the latter feature, no useful guideline was found in literature to support the design process: the only technical standard available [17] deals with guarded (GHB) and calibrated (CHB) hotboxes, which are both designed to investigate steady state properties of conventional building envelope components, likewise in [18] [19] [20] . In literature, even when Dynamic Insulation walls were involved [10] , a basic setup was used, allowing only a partial control of temperature boundary conditions.
The final result of the design process is the Dual Air Vented Thermal Box (DAVTB) shown in Figure 1 : the apparatus is able to control temperature conditions on both sides of samples, to force an airflow through porous materials, and to reproduce both steady state and dynamic boundary conditions. Therefore, it is also suitable to test other wall technologies, such as cavity walls or PCM-integrated walls, and to investigate their behaviour under unsteady thermal conditions.
The DAVTB facility (Figure 1(a) ) is mainly composed by two insulated chambers divided by the sample and connected by the air recirculation system. The operative temperature can be controlled in each chamber separately, using a dedicated heating and cooling plant (Figure 1 (b) and 1(c)), and the airflow crossing the sample is controllable in terms of both average velocity and direction. Details about the overall layout and its features are provided in the next sections.
Chambers
The external dimensions of the chambers are 1.5 m × 1.5 m × 1.29 m each, and their envelope consists of a polystyrene layer, protected by 4 mm laminated panels on both the internal and external side, for a total thickness of 140 mm and an overall conductance of 0.23 W/(m 2 ·K). The insulated walls minimize the heat flux toward the external environment (laboratory room). The sample is accommodated in a metal frame (1.5 m × 1.5 m) interposed between the chambers. In order to minimize any edge effect and assure one-dimensional heat flux across the sample, the latter is bounded by adequate insulation. The net sample area is thus about 1 m × 1 m. The maximum thickness of the samples that can be tested in the apparatus is 33 cm. The air flows into a chamber and out of the other through two circular openings with a diameter of 20 cm, placed on the back side of each chamber and connected to the airflow loop.
Heating and cooling plant
As specified above, temperature control inside the chambers is achieved through an hydronic plant, which works both as a heating and cooling system. As shown in Figure 1 (c), it is linked to the central supply of the Energy Department building (primary plant) through two water tanks, which provide hot and cold water to the chambers through the secondary plant. As a side note, they also allow to decouple primary and secondary plants for any maintenance operation. Through a preliminary test, the loading time of both tanks has been assessed to be about 3 h, while the maximum and minimum temperatures achievable in the hot and cold tank are found to be 70
• C and 10
• C respectively. Even though water temperature inside the tanks should be fairly stable in order to ensure an effective thermal control, it has been verified that moderate fluctuations do not significantly affect operative and air temperatures inside the chambers.
The secondary plant consists of three parallel water loops: two of them are connected to the radiant panels in each chamber; the third one supplies a water-toair heat exchanger inside the air recirculation plant. In each loop, supply water temperature to terminals is independently controlled and defined by the user according to the desired thermal conditions: hot and cold water coming from the tanks are mixed in suitable proportion to obtain the desired supply temperature, by acting on two servo-valves for each circuit (a mixing valve and a diverter). Finally, each loop of the secondary plant is equipped with an electric circulation pump.
Dealing with the delivery terminals in the chambers, five radiant panels in parallel are located directly into each box, as shown in Figure 1 (b). They are adapted from copper strips for solar collectors. In order to promote the radiative heat exchange toward the sample, all inward surfaces are painted with a matte black varnish, rising the thermal emissivity from 0.01 ÷ 0.07 (typical for non-oxidized copper) to 0.92 ÷ 0.94, assessed by means of thermographic measurement.
Air recirculation plant
The air recirculation plant is divided into three main sections. The first one is the heat exchanger, mentioned in Subsection 3.2. The second one is the fan section, designed to control the airflow in terms of velocity and direction. It consists of two parallel centrifugal fans facing opposite directions, both equipped with a PWM velocity control (48÷560 Pa at 30.6÷106.2 m 3 /h), and two butterfly shutters for each fan. One of the shutters is managed by an ON/OFF controller and is used to insulate one of the circuit branches, while the other is linked to a proportional controller and is aimed at the flow rate fine tuning. The third section of the recirculation system consists of a 2 m long PVC tube (inner diameter 50 mm) and is used to measure the airflow rate, thanks to a small two-directional fan anemometer located in the middle.
Considering the sample investigated in this work, this plant is able to achieve specific airflow rates in the range 0÷0.013 m 3 /(m 2 ·s), typically suggested by literature as suitable Breathing Wall working conditions [1] [2] [3] [4] [5] [6] [7] 12 ].
Measurement and control system
Measurement and control in the DAVTB apparatus are carried out by means of a multifunctional switch unit (Agilent 34980A), remotely controlled by a LabVIEW algorithm. The multifunctional switch unit is equipped with three kinds of modules: the first one is used for voltage and current measurement (34921A/T), the second one is a proportional controller and waveform generator (34951A/T), the last one is an ON/OFF controller (34938A/T).
All the electrical devices in the facility (water pumps, hydraulic valves and butterfly shutters) are activated using the ON/OFF switches. The proportional modules are instead used to regulate mixing valves and diverters to achieve the desired supply temperature to the terminals in the hydraulic plant, to control the proportional shutters in the recirculation plant and, finally, to produce the waveform regulating the rotational velocity of the fans through the PWM controller.
As far as the measurement of environmental parameters is concerned, the following probes have been installed: a bidirectional fan anemometer, a series of thermocouples for air, sample and water temperature measurement and two globe thermometers.
The airflow rate inside the recirculation plant is metered using vane wheel sensor in the measurement section mentioned above (Figure 1(c) ). This probe consists of a two-directional fan anemometer measuring velocities in the range ±(0.4÷20) m/s.
All the measurement chain, including the multimeter, the PVC pipe and the fan anemometer, has been calibrated using a reference airflow meter, obtaining a measurement accuracy of 1.3·10 −4 m/s. As far as temperature measurement is concerned, all probes in the DAVTB facility are T-type thermocouples (copper-constantan).
In the hydronic plant water temperature is measured using needle thermocouples. Going more in detail, data are collected in two points of each tank, and in the main locations of every loop of the secondary plant, as shown in Figure 1 (c): hot and cold side before the mixing valves, supply to and return from the delivery systems inside the apparatus.
Air temperature is also measured in nine points of each Box at the edges of a cubic arrangement and in the center, allowing the detection of any thermal stratification phenomena. These thermocouples are shielded from the radiative heat exchange by copper sheets. Moreover, a globe thermometer has been installed in the geometrical center to measure the operative temperature. All the mentioned sensors are visible in Figure 1(b) .
Finally, it is possible to measure temperature distribution inside the sample at different positions. To this purpose, 55 thermoucouples have been installed in the sample investigated. A more detailed description of their arrangement will be provided in Section 4.
All the aforementioned temperature probes have been calibrated in a temperature range from 0
• C to 70
• C, using a Pt100 resistance thermometer as a reference. This process has led to the definition of a linear calibration equation for each thermocouple. The corresponding correlation errors lie in the interval 0.02
• C÷0.16
• C.
Temperature control strategy in steady state conditions
Due to the inertial behaviour of the facility, it has been observed that a control logic based on a PID algorithm is not effective in keeping operative temperature sufficiently stable in both chambers, leading to significant temperature errors (up to ±5
• C around the user defined set-point values) and fast discharge of both tanks.
For this reason, a mixed approach has been implemented, based on the combination of a proportional (P) and an ON/OFF controller. The first one, optimized using the Ziegler-Nichols method, allows to achieve the user-defined supply water temperature in the three loops of the secondary plant, by acting on the actuators of mixing valves (a voltage signal in the 0÷10 V range is provided to each one). Event though a simple proportional controller can lead to significant fluctuations of the process variable, it has been observed that brief variations from the desired values do not significantly affect the operative temperature inside the chambers.
In the meantime, the ON/OFF controller reads the process variables (operative temperature for the chambers and air temperature for the heating/cooling battery), calculates their trend and compare it to the corresponding set-point. Their incremental ratio is then calculated, and the future value of the process variable is extrapolated using a response delay (characteristic time t c ) for each loop in the secondary plant. The forecast is then compared to the defined set-point: if the latter is reached or exceeded the corresponding pump is turned OFF, otherwise it keeps working. As far as the characteristic time of the chambers is concerned, it has been defined as the time required to change operative temperature by ±0.1
• C. For the airflow loop, having a negligible inertia compared to the chambers loops, a small characteristic time has been assumed, equal to 30 s. In Table 1 , the proportional gain K p and the characteristic time t c for each part of the secondary plant are reported. The effectiveness of the present control strategy is discussed in Subsection 5.1. It has to be mentioned that at this stage the algorithm is able to reproduce only steady state thermal boundary conditions, while a future development will be the introduction of unsteady boundary conditions.
Air permeable concrete and wall sample
In this work, an air permeable wall made of nofines concrete is experimentally investigated. This material, also known as Air Permeable Concrete (APC) [21] , is a cement based mixture produced without using small diameter aggregates. The final result is a highly porous hardened solid matrix, with highly interconnected pores. Among the concrete-based materials and due to its features, no-fines concrete can be considered a suitable choice for Dynamic Insulation technology, in order to develop a multilayer envelope solution optimized for Mediterranean climate conditions in future NZEB applications. The APC wall sample used in this study, with a frontal area of 1 m 2 and a thickness of 15 cm, is shown in Figure 2 . Because of its considerable weight, the sample has been divided in 9 elements (32 cm × 32 cm × 15 cm). The temperature distribution along the thickness is measured in 5 blocks (labeled A, B, C, D and E in Figure 2 ) by means of 9 embedded thermocouples 1.5 cm apart from each other, and 2 thermocouples on the surfaces.
The mix design used for each block is reported in Table 2. The casting procedure has been performed carefully, in order to avoid any damage to the embedded thermocouple junctions. As far as the position of the probes inside the blocks is concerned, it seems reasonable to consider an uncertainty of 2.5 mm introduced by the casting process. The hardened mixture has then been characterized in terms of thermo-physical properties and structure geometry. First of all, some simplifying assumptions have been introduced to assess the thermal conductivity: the solid-fluid interaction at microscopic level is disregarded and the heat conduction in solid and fluid phases is assumed to occur in parallel [15, 22] . This approach is generally adopted in the literature and leads to consider the thermal conductivity of the porous medium (λ w ) equal to the volume average of the solid and fluid conductivities. Therefore, λ w is calculated as:
where ε is the porosity of the material, while the subscripts f and s are referred to the fluid (air) and the solid phase respectively. The first step has been the evaluation of the porosity ε. After preparing some dedicated samples with the same features of the Breathing Wall previously described, the Archimedes method was used, as suggested in [21] . The obtained result is ε=(30±2)%.
Then, the thermal conductivity of the solid matrix (λ s ) has been measured directly using the Transient Plane Source (TPS) method [23] . To this purpose, 8 samples have been produced using the same mix-design reported in Table 2 , but using only sand and fine gravel (φ=1÷2 mm) instead of medium and large aggregates. This has led to very compact specimens (ε ≈ 0%), with the same overall properties of the solid matrix of the nofines concrete blocks. A series of TPS measurements has shown a solid phase thermal conductivity λ s equal to (1.76±0.08) W/(m·K).
Considering the outcomes of these two analyses and assuming an air thermal conductivity λ f =0.025 W/(m·K), that corresponds to a temperature of 15
• C, through Eq. 6 the average thermal conductivity of the porous material was calculated as λ w =(1.24±0.09) W/(m·K).
Results and discussion
The wall sample described in Section 4 has been tested in contra-flux conditions, by setting an operative temperature equal to 15
• C in Box 1 and 40
• C in Box 2. In this way, it has been possible to achieve an overall temperature difference of 25
• C, which is representative for winter design conditions in Italy. It is important to notice that, since no phase change material or second order phenomena are involved in this study, the only relevant parameter is the temperature difference between indoor and outdoor, while the absolute temperature values are less important. As far as the airflow rate is concerned, six conditions have been investigated: first of all, a null velocity case is considered, in which the sample behaves as a traditional non-permeable wall. Then, five incremental levels of airflow rate were reproduced, leading to average air velocities equal to 0.001 m/s, 0.003 m/s, 0.006 m/s, 0.009 m/s and 0.012 m/s.
The effectiveness of the control strategy developed for the DAVTB apparatus is discussed below. Then, the outcomes of the experimental tests performed are compared to the analytical model for single layer Breathing Walls under steady state Dirichlet boundary conditions. To this extent, the velocity of the air flowing through the porous material is finally analyzed and discussed in detail.
Stability of thermal boundary conditions
Due to changes in airflow rate crossing the sample from a Box to the other, the energy need related to the temperature control in each chamber changes in every test, leading to different values of the water supply temperature. Therefore, the first step has been the evaluation of the thermal stability in both chambers. To this extent the control error E(t) can be introduced as:
where T sp is the desired temperature value and T (t) is the corresponding measured value. According to Eq. 7, measured values greater then the set-point give negative control errors, while measured temperatures below the desired value lead to positive E(t). This quantity has been calculated considering operative temperature of both chambers and their difference (T 1 − T 2 ). The resulting frequency distributions are reported in Figure 3 for each test performed. It is possible to notice that the control error fluctuation is always in the range ±0.3
• C, and is generally centered around the 0
• C value. In Table 3 for every performed test the thermal conditions in Box 1 and 2 are reported, in terms of average and mean quadratic error σ calculated neglecting the initial transient period. Mean quadratic errors are generally lower than 0.1
• C and thus the control strategy adopted appears effective. Therefore, it is possible to assess the ability of the control algorithm to provide stable operative temperatures and to effectively reproduce the steady state condition investigated in this work.
Comparison between analytical and measured temperature profiles
During every test, the temperature distribution across all the five blocks in the air permeable sample has been measured. As stated in Section 4, for each block 11 thermocouples are arranged and their readings are collected every 5 s. All tests lasted at least two days and instantaneous temperature values have been time-averaged once steady state has been reached. It takes in fact 1 h to achieve the desired operative temperature values in both chambers, while steady state can be observed in the sample after 11÷18 h, depending on the crossing airflow velocity. Results are then compared with the corresponding analytical curve calculated using Eq. 5, with the only exception of the first test in which the sample is not crossed by the airflow and a linear temperature distribution is expected.
As far as tests 2 to 6 are concerned, the A parameter has been calculated according to Eq. 4 (A calc ), by adopting air properties at the entering section temperature of 15
• C (density 1.23 kg/m 3 , specific heat capacity at constant pressure 1004.9 J/(kg·K), thermal conductivity 0.025 W/(m·K)), thermal conductivity of the porous wall equal to 1.24 W/(m·K) as derived in Section 4, and air velocity as the average from measurements at regime.
In Figure 4 experimental results are compared to the corresponding analytical curve in block C, which is located in the central part of the sample and therefore not affected by edge effects (Figure 2) . It is possible to observe that the deviation from the linear trend increases the thermo-physical behaviour depicted by the analytical model based on convective-radiative boundary conditions, namely the temperature drop on both surfaces of the Breathing Wall in contra-flux regime, as reported in [9, 10] . This phenomenon is clearly visible in the results of the laboratory tests performed. In [8] Craig and Grinham quantitatively compare the Nusselt number (Nu m ) on the surface of a Breathing Wall sample crossed by an airflow to the Nusselt number referred to natural convection on a vertical surface (Nu n ) and represent the ratio Nu m /Nu n as a function of the ratio √ Pe/Nu n . Following the methodology reported in [8] , it has been found that at our working conditions the ratio √ Pe/Nu n lies in the range 0.12÷0.33, that leads to a ratio Nu m /Nu n dropping from 0.98 to 0.62. This means that increasing the airflow velocity from 0 m/s to 0.012 m/s, the convective heat transfer coefficient related to the wall surface toward Box 2 decreases by 38%. Consequently, the effectiveness of convection as a mechanism to heat the sample is reduced, causing the observed surface temperature drop. At the same time, at the highest velocity considered (0.012 m/s) the wall exterior surface temperature (facing the cold chamber) almost reaches the asymptotic value of 15
• C, equal to the operative temperature in Box 1.
As a next step, the temperature profile across the Breathing Wall has been studied also in the other blocks, namely A and B at the bottom of the wall, D and E on the top. This would provide a further confirmation of the analytical model, but also more details about the overall behaviour of the experimental setup.
In Figure 5 the temperature profiles across the five blocks, obtained in the same way as for block C, are reported for all the six tests performed. First of all, at every airflow velocity, a temperature stratification in both chambers, likely due to natural convection phenomena, can be remarked. Blocks A and B show generally lower surface temperatures than blocks D and E, both on cold and hot side, with block C temperatures in between. This outcome provides additional reasons to compare measurements with the analytical model based on Dirichlet boundary conditions, rather than on convective-radiative flux conditions. Actually, in the latter case each block would be characterized either by a local operative temperature or by a local surface resistance, whose determination is not straightforward. At the same time it can be noticed that temperature profiles corresponding to blocks at the same height are not always coherent, especially for the top blocks D and E. This finding can be explained by local nonuniformity of the radiant panels in the hydraulic heating and cooling plant, caused by its layout (i.e. location of delivery and return sections).
Moreover, even though the agreement with the temperature profiles calculated using Eq. 5 and A calc is still acceptable, as shown in Table 4 , the discrepancy between measured and calculated data becomes noticeable both on the top and on the bottom of the Breathing Wall sample.
Local deviations cannot be attributed to differences in thermo-physical and microstructural properties, since all blocks have been produced in the same way and at the same time. Moreover, since the analytical model is based on Dirichlet boundary conditions, the vertical stratification in temperature does not have any effect. These two considerations lead to suppose a non uniform velocity field on the wall inlet surface.
Air velocity distribution on the sample surface
Indeed, the airflow rate is measured in a dedicated section of the recirculation plant ( Figure 1(c) ). Then the average velocity is calculated considering a uniform distribution over the entire sample surface (1 m 2 ), since it is not technically straightforward to obtain a direct measurement of the local velocity distribution.
In order to obtain a prediction of the velocity variation in the various parts of the sample, measured temperature profiles have been fitted with Eq. 5, considering A as the fitting parameter. The obtained values A f it have then been used to derive through Eq. 4 a corresponding velocity value (u f it ). This value is compared to the corresponding average measured value u , which implies a uniform velocity field on the overall sample surface. Results are shown in Figure 6 , where the ideal line (dotted) represents the perfect agreement between the expected value u and the corresponding result of the fitting process u f it . Figure 6 shows that blocks on the lower part of the sample (A and B) are affected by crossing air velocity generally higher than the average value, while the topmost parts of the Breathing Wall (blocks D and E) are characterized by opposite conditions. Block C, located in the very center of the wall, shows a generally good agreement between u and u f it . Moreover, blocks D and E show again a different behaviour, as previously noted about the temperature profile.
In order to explain these outcomes, it has to be remarked that the sample surfaces exchange heat with each box both by radiation with the surrounding surfaces and by convection with the air. As far as convection is concerned, since in each chamber the sample surface temperature is different from the other surfaces, a buoyancy driven air circulation can be expected. Considering the actual temperature distribution, the circulation in cold Box 1 should be characterized by air lifting next to the warm sample surface and dropping in the back of the chamber. An opposite flow (ascendent on the back of the chamber and dropping next to the sample surface) can be expected in hot Box 2. This air movement should then generate an additional pressure difference across the sample, varying from the bottom to the top of the experimental setup and affecting the forced airflow through the Breathing Wall. Therefore, a mixed convection regime around the Breathing Walls can be expected, resulting from the combined forced airflow across the sample and the room-scale natural convection in each box. A similar mixed convection condition for the permeable sample has been recently highlighted by Craig and Grinham [8] , although in their experiment natural convection derived from bouyancy forces on a vertical plate. According to [8] , when the superficial temperature is below the ambient temperature an increased airflow should be expected at the bottom of the sample, such as what is reported in Figure 6 .
In order to verify this hypothesis in qualitative terms, a series of 2D CFD simulations in ANSYS Fluent has been performed. In a first step, Box 1 and 2 have been simulated separately as two closed chambers, neglecting both the air permeability of the porous sample in between and the presence of inlet and outlet sections. This way a rough estimation of the order of magnitude of air movement inside both chambers due only to natural convection has been derived. Secondly, the entire apparatus has been treated in a single simulation, introducing the porous sub-domain describing the Breathing Wall sample.
As far as the modeling process is concerned, in both steps a simplified two-dimensional geometry has been used, neglecting all complexities related to the radiant panels. Spatial discretization has been done with a structured quadrilateral mesh, with an orthogonal grid quality of 1, skewness of 0 and an aspect ratio of approximately 1.146 [24] . Calculations are performed in double precision, and the solution methods used are the SIMPLE scheme for the pressure-velocity coupling, second order and second order upwind for the spatial discretization in all the governing equations. All boundary conditions are based on the data collected during test 6, being the case where forced flow is maximum. For the first simplified simulations the following boundary conditions have been assumed:
1. surface temperature of cooled walls in Box 1 equal to 13.5
• C (average between supply and return water in the cooling plant); 2. surface temperature of heated walls in Box 2 equal to 47.5
• C (average between supply and return water in the heating plant); 3. surface temperature of sample in Box 1 equal to 15.8
• C, derived from measurements; 4. surface temperature of sample in Box 2 equal to 23.0 • C, derived from measurements.
As far as the second step simulation is regarded, boundary conditions 1) and 2) have been maintained, while conditions 3) and 4) could not be set because the sample surfaces are inside the domain. In turn, an inlet volume airflow rate of 0.012 m 3 /s in Box 1 has been adopted, at a temperature of 15.0
• C (derived from measurements), with a turbulence intensity of 6.94% and a hydraulic diameter of 0.2 m (both defined according to [24] ). In both simulations (separate Boxes and overall apparatus) energy equations have been solved, turbulence has been taken into account using a realizable k − ε model, with enhanced wall treatment and the activation of buoyancy effect in the transport equation for ε, and air density has been calculated as a function of temperature using the Boussinesq model. As convergence criteria, it has been verified that residuals have dropped below 10 −10 for energy and 10 −6 for other quantities, and that they showed a decreasing trend.
Moreover, in the complete apparatus simulation performed in the second step, the porous domain model has been introduced to simulate the no-fines concrete sample. It is important to underline that this approach treats the porous part of the domain as a fluid material with peculiar features, such as porosity (which affects the average thermal conductivity likewise Eq. 6) and air permeability. On the other hand, this means that the interfaces between the porous and the fluid subdomains are only virtual, and superficial heat transfer (either convective or radiative) can not be treated properly. Also for this reason the results of this simulation have to be considered qualitatively.
In Figure 7 the most relevant outcomes of the CFD analysis are displayed: in Figure 7 (a) the pressure distribution obtained from the separate simulation of Box 1 and 2 is shown along with the air velocity field, while in Figure 7 (b) the same quantities are referred to the simulation of the whole apparatus, including the porous wall.
In the first simulation, it is possible to observe that the air motion activated by the buoyancy flow alone behaves as previously postulated. Therefore, since in test 6 air should move across the sample from Box 1 to Box 2, the vertical pressure gradient caused by the natural convection phenomena depicted in Figure 7 (a) would lead to a pressure difference variable along the vertical direction, causing local deviations of fluid velocity from the expected value of 0.012 m/s coherent with the behaviour shown in Figure 6 .
The simulation of the complete apparatus leads to comparable results: in Figure 7(b) it is possible to observe a mixed convection condition, where a recirculation phenomenon similar to that discussed above gives a comparable displacement of the pressure distribution. Again, it is possible to observe a pressure difference across the sample varying from the top to the bottom, even though the magnitude of this trend is mitigated by the permeability of the porous domain, in comparison to what can be inferred by Figure 7(a) . The resulting air velocity distribution along the sample surface is again coherent with Figure 6 , with smaller values on the top (where the air motion due to natural convection is in opposition to that provided by forced convection) and bigger values on the bottom (where the air motion caused by the recirculation plant is increased by the pressure difference generated by the buoyancy flow in both chambers). This behaviour is also summarized in Figure 8 , which provides a representation of the vertical distribution of both non-dimensional pressure difference between the sample faces and non-dimensional airflow velocity across the Breathing Wall, derived from the overall apparatus CFD simulation.
Finally, the outcomes of the CFD analysis presented above provide a qualitative proof that a non-uniform air velocity on the sample, which has been inferred as a result of the fitting process previously described, can be explained in terms of a mixed convection regime throughout the experimental apparatus due to the Boxes small size and the features of the delivery terminals.
Conclusions
The main focus of this work was to experimentally investigate the validity of the analytical model for the temperature profile inside Breathing Walls under steady state Dirichlet boundary condition, provided by [1] . This was made possible by the development of a novel apparatus named DAVTB, which was used to study an APC wall.
In the first part of this paper, the novel DAVTB apparatus was presented. The effectiveness of the mixed proportional and ON/OFF control algorithm used to obtain the desired operative temperature conditions was assessed: the system is able to reach the set-point thermal conditions at every airflow velocity level and the operative temperature are sufficiently stable to replicate the ideal steady state condition. Indeed, frequency distribution of instantaneous temperature deviations always falls within the range ±0.3
• C, while the average deviation between measured and desired values is always in the range ±0.1
• C. Then the no-fines concrete material used in the Breathing Wall under study was experimentally characterized in terms of average porosity ε=30±2% and thermal conductivity of the solid matrix λ s =1.76±0.08 W/(m·K). Staring from these quantities, an overall thermal conductivity of the porous material of 1.24±0.09 W/(m·K) was assessed.
The experimental campaign consisted of six tests, all performed imposing a 25
• C temperature difference between the two chambers of the laboratory setup (T 1 =15
• C and T 2 =40
• C), with six different values of the airflow velocity across the wall sample: a first one with no airflow, and five more in contra-flux regime from 0.001 m/s to 0.012 m/s. Temperature profile across the specimen was measured in five positions, and collected data were directly compared to the corresponding theoretical curve.
Experimental evidences show a generally good agreement between calculated and measured temperature distribution, especially focusing on the centermost part of the sample (block C), where the mean standard deviation between experimental and analytical values was in the range 0.11
• C÷0.20
• C. The typical exponential trend was clearly visible in all parts of the Breathing Wall, along with the surface temperature drop at increasing air velocity.
However, the fitting process of the measured data has shown that the velocity field at the wall inlet is not as uniform as expected, because of a mixed convection condition that shows some similarities to the one recently investigated by some authors [8] . This hypothesis has been qualitatively verified by means of CFD simulations of simple two-dimensional geometries representing the DAVTB apparatus. The simulation outcomes have confirmed that, due to recirculating phenomena driven by natural convection and to the very low forced flow velocity typical of Breathing Walls applications, the pressure gradient across the sample changes from the top to the bottom of the wall itself, leading to velocities that decreases with height. Although the specific velocity field across the Breathing Wall under study clearly depends on the geometry of the chambers and on the air circulation system in the apparatus, these outcomes allow to derive some general considerations about the applicability of the theoretical model. Depending on the layout of the air circulation system adopted in a Breathing Wall, a velocity field will develop at the wall inlet. Such field is likely to influence the local and then the overall Breathing Wall performance. The only way to take the velocity field into account within the one-dimensional analytical model is thus to adopt two or three-dimensional velocity boundary conditions. Such adjusted boundary conditions may derive from CFD or simplified Air Flow Networks calculations.
Future developments of this work include the definition of a control algorithm suitable to reproduce unsteady state boundary conditions in the DAVTB apparatus. Then, the no-fines concrete sample discussed in this work will be investigated under dynamic conditions, and measured values will be compared to a suitable finite difference based numerical model. At the same time, the characterization of the Air Permeable Concrete will be completed, in terms of both thermophysical properties and micro-structural geometry, and the macroscopic effects of the thermal interactions between solid and fluid phase at microscopic level will be investigated.
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